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ABSTRACT 
Mixed 93W-4.9Ni-2.1Fe powders were sintered via the spark plasma sintering (SPS) and 
hybrid spark plasma sintering (HSPS) techniques with 30 mm and 60 mm samples in both 
conditions. After SPS and HSPS, the 30 mm and 60 mm alloys (except 60mm-SPS) had a 
relative density (>99.2%) close to the theoretical density. Phase, microstructure and 
mechanical properties evolution of W-Ni-Fe alloy during SPS and HSPS were studied. The 
microstructural evolution of the 60 mm alloys varied from the edge of the sample to the core 
of the sample. Results show that the grain size and the hardness vary considerable from the 
edge to the core of sintered sample of 60 mm sintered using conventional SPS compared to 
hybrid SPS. Similarly, the hardness also increased from the edge to the core. The 60 mm-
HSPS alloy exhibit improved bending strength than the 60 mm-SPS, 1115 MPa and 920 MPa 
respectively, former being similar to the 30 mm-SPS and HSPS alloys. The intergranular 
fracture along the W/W grain boundary is the main fracture modes of W-Ni-Fe, however in 
the 60 mm-SPS alloy peeling of the grains was also observed which diminished the 
properties. The mechanical properties of SPS and HSPS 93W-4.9Ni-2.1Fe heavy alloys are 
dependent on the microstructural parameters such as tungsten grain size and overall 
homogeneity.  
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1. Introduction  
Generally, Tungsten heavy alloys (WHAs) can provide better mechanical and physical 
properties when compared to the conventional engineering metals and alloys. Due to this fact, 
WHAs can find many applications in both civil and military areas such as radiation shields, 
counterweight balances, kinetic energy penetrators, electrical contacts and damping devices. 
WHAs have high density, high strength and good ductility [1,2]. These alloys are usually 
fabricated by conventional powder metallurgy (PM), which consumes too much sintering 
time and energy [3]. The drawback associated with conventional PM techniques is that, after 
sintering, the resultant microstructure consists of coarsened spherical body-centered cubic 
(bcc) tungsten grains dispersed in a face-centered cubic (fcc) Ni-Fe-W solid-solution matrix. 
The average tungsten grain size generally varies from 20 to 60 μm, mechanical properties 
such as strength and ductility are low due to the coarse tungsten grain microstructure. 
Therefore, material researchers have been investigating and exploring new sintering 
technology to reduce grain size and refine microstructure to improve mechanical properties, 
such as employing mechanical alloying to increase powder activation and decrease sintering 
temperature [4], refining grain size by rare earth additions [5], plasma spraying [6], and laser 
sintering [7]. To this end, most researchers have directed particular focus towards advanced 
sintering techniques, such as spark plasma sintering (SPS) [8–11] and wave sintering [12] to 
explore possible further improvements that can be offered by these methods on the 
mechanical properties of WHAs.  
SPS, often referred to as field assisted sintering technique (FAST) or pulsed electric current 
sintering (PECS), is a newly arising sintering technique that employs a pulsed direct current 
(DC) to powders subjected to a modest applied pressure (<100 MPa). High electrical current 
application enables a fast heating rate (up to 1000 °C.min-1), resulting in a very short 
sintering cycle, typically a few minutes for full densification of both conductive and 
nonconductive powders [13,14]. In such a case, a high densification rate is favoured whereas 
coarsening induced by surface diffusion is minimized, and then grain growth can be 
suppressed. Moreover, it is stated that SPS can offer other benefits, such as partial oxide film 
elimination, adsorbed gas release and surface activation of powder particles [15,16]. 
Recently, the SPS technique has been successfully used to prepare tungsten heavy alloys [17-
19]. These features elevate the potential of SPS for wide spread application and 
comprehensive research in the field of materials.  
Given the limitations of the die, the spark plasma sintered samples investigated by some 
researchers is a cylindrical alloy with a 20 mm diameter [20,21], such a small size presents 
difficulties in preparing suitable samples for measuring physical properties, such as tensile 
properties. Even more importantly, in real life applications, for national defence [22], 
aviation, and civil industries [23], much larger materials are required for these applications in 
the case of materials fabricated using the sintering method. Preparing much larger samples 
(>40 mm diameter) presents a difficulty when using SPS in getting homogenous properties 
within the samples due to poor heat distribution as the sample size gets bigger. Although, the 
SPS method has several advantages that distinguish it from the traditional sintering methods 
such as hot pressing and sintering of pre-compacted billets without pressure. Certain 
disadvantages of the standard SPS/FAST technology are observed (Fig. 1(a)), especially 
when sintering bigger samples, such as radial thermal gradient by thermal drain to the outside 
or non-heating of the material by too low electrical conductivity. Radial thermal gradient 
results in inhomogeneous radial microstructures. In the new hybrid spark plasma sintering 
system (HHPD-25 from FCT Sytem GmbH Germany) radial thermal gradient are eliminated, 
as the material can be heated additionally and/or exclusively by induction/resistance heating 
beside heating by pulsed direct current passage (Fig. 1(b)) [24]. Significant increase of 
sintering activity for certain materials by hybrid heating (combination of SPS/FAST 
technology + resistance/induction heating) could be proved offering homogeneous radial 
densification. This will result in considerably shorter cycle time and production time. 
Considering that this is a new technology, WHAs fabricated by this technology has not been 
reported in the literature, including the advantages offered by this new technology when 
fabricating samples larger than 40mm. Thus, the mechanical properties and microstructural 
evolution of 93W-4.9Ni-2.1Fe alloys sintered by the standard SPS/FAST technology 
compared to those sintered by the hybrid technology will be investigated in this paper. 
   
Fig. 1. Schematic of the Spark Plasma Sintering apparatus: a) standard SPS/FAST technology 
and b) hybrid heating (combination of SPS/FAST technology + resistance/induction heating) 
[24]. 
 
2. Experimental procedure 
 
2.1. Powders preparation 
 
Commercial tungsten, nickel and iron elemental powders were selected for this study. The 
characteristics of the raw powders are shown in Table 1. W, Ni, and Fe powders were 
weighed accurately to make up a desired stoichiometric composition of 93.0%W-4.9%Ni-
2.9%Fe (wt%). Prior to mixing, the morphology of the powders was examined with a field 
emission scanning electron microscopy (FESEM, JSM-7600F, Jeol, Japan) equipped with 
energy dispersive X-ray spectrometer (EDS). Fig. 2 (a) to (c) shows the SEM morphology of 
the three as-received powders. The tungsten powder is rounded and spherical in shape, 
typical of atomized powders, while nickel powder is agglomerated. The three powders were 
mixed using the Turbula Shaker Mixer T2F in the mass ratios (93%W-4.9%Ni-2.1%Fe 
(wt%)). An optimum mixing speed of 49 rpm and mixing time of 5h were used. A 250 ml 
cylindrical plastic vessel with a powder fill level of 10% was loaded axially, placed in the 
mixing chamber and subjected to translational and rotational motions. The mixing was 
carried out in a dry environment. The morphology of the mixed powders in shown in Fig. 
2(d) with a homogenous distribution. 
 
 
Table 1: Characteristics of the raw powders used to prepare tungsten heavy alloys. 
Elemental Purity Particle size Main impurity (wt.%) 
powder (%) (µm) C O P N 
W 99.9 <5 0.002 0.07 0.0008  - 
Ni 99.5 <3 ≤0.25 ≤0.11 0.0003 - 
Fe 99.5 <70  ≤0.1  ≤0.3  -  ≤0.1 
 
 
Fig. 2. SEM morphology of the as-received: (a) Tungsten, (b) Nickel (c) iron, and mixed 
powders. 
 
2.2. Sintering  
 
The mixed powders were sintered by SPS (HHPD-25 from FCT Syteme GmbH Germany) in 
a 60 mm and 30 mm-inner-diameter graphite die. Graphite foils of 0.2 mm thickness were 
placed between the punches and the powders, and between the die and the powders for easy 
removal and significant reduction of temperature inhomogeneities. In addition, the exterior of 
the die was covered by a porous graphite felt with thickness of ~10 mm, which was used as a 
thermal insulation to reduce the radiation loss and possible temperature gradient [25,26]. 
Sintering was performed in vacuum and a constant pressure of 30 MPa was applied from the 
beginning of the heating step to the end of the dwell. For all the sintering experiments, the 
heating from room temperature to 600°C was controlled by a preset heating program and 
completed within 4 min, at a heating rate of 150°C/min. From 600°C to the desired 
temperature, heating rate was 100°C/min. When the required temperature was reached, the 
electric current was shut off, the applied stress released, and the specimens were immediately 
cooled down in the furnace. The sintering temperature was measured by an optical pyrometer 
which was implanted in the SPS apparatus at 3 mm from the top of the sample surface. Discs 
of 30 and 60 mm diameter of approximately 5 mm in height were produced. The 30 mm discs 
were produced for the purpose of optimisation and for further comparison with the 60 mm 
discs. 
 
2.3. Sintered relative density and microstructural characterization   
All of the sintered specimens were ground and polished to remove any surface graphite 
contamination. Then the sintered density was determined by the Archimedes principle. The 
relative density was calculated with reference to the theoretical density (18.5 g.cm-3) of the 
starting powders constituents using the rule of mixtures. The microstructure of specimens 
taken from the polished surface or fracture surfaces at cross sections (parallel to the acting 
force) of the sintered bodies was examined by SEM (FESEM, JSM-7600F, Jeol, Japan) 
incorporated with an EDX detector (Oxford X-Max) with INCA X-Stream2 pulse analyzer 
software, and Back Scattered Electron detectors. The INCA analyzer software was set to 70 
seconds acquisition time and at a process time of 2s. The polished specimens were 
chemically etched with a solution of 6 g potassium ferricyanate and 0.5 g potassium 
hydroxide in 50 ml of distilled water to observe the microstructure and measure the tungsten 
grain size. Focus was given on studying the microstructure at different regions along the 
cross section. To avoid the influence of near-surface effects and some other uncertain factors, 
only the cross section of the specimen was used for examination. The phases present in the 
sintered specimen were characterized by X-ray diffraction (XRD) using a PANalytical 
Empyrean model with Cu Kα radiation and analyzed using Highscore plus software. The 
XRD analysis was carried out on the section perpendicular to uniaxial pressed direction. 
 
 
 
 
 
2.4. Mechanical property measurement 
 
The Vickers microhardness (HV0.1) at room temperature were measured by a Vickers’ 
microhardness tester (Future-tech) at a load of 1.0 kg and dwell time of 10s and the test result 
for each sample was the arithmetic mean of ten successive indentations with standard 
deviations. A Tinius Olsen system (London) measured the bending strength of the sintered 
alloys, of specimens of 16.00 × 5.00 × 2.00 mm3 with a loading rate of 0.05 mm/min. The 
bending strength σbb is calculated by:  
σbb = 3FL/2bh2    1 
where F is the maximum bending force, L is the span between supporting points which is 
chosen as 10 mm in the present investigation, b is the width of specimen (5 mm), and h is the 
thickness of specimen (2 mm). 
 
3. Results and Discussion. 
 
3.1 Densification and Microstructural variations 
 
3.1.1 Density measurement 
Comparison of the sintered density for the different conditions is shown in Fig. 3. Sintered 
densities close to theoretical one were achieved for the 30 mm - SPS and HSPS samples, 
followed by the HSPS, with the least being the 60 mm – SPS sample. Past research has 
shown densification is a prerequisite for adequate mechanical properties [27-29]. In this, 
during the SPS and HSPS process, to ensure that the melted matrix phase was not squeezed 
out from the die cavity, the liquid-phase sintering is performed for only a short moment. The 
lower relative density of the 60 mm – SPS sample is not surprising due to the additional 
heating source in the case of HSPS which suggest uniform distribution opf heat resulting in 
improved densification and homogeneous microstructure throughout the whole sample. 
 
 Fig. 3. Effect of sintering technique and sample diameter on the relative density of W-Ni-Fe 
alloys. 
 
3.1.2 Microstructural characterization 
The progressive evolution of microstructures in different regions of the sample manufactured 
using SPS and HSPS for 60 mm is given in Fig. 4. All the microstructures were taken at 
similar positions and low magnification (500x) in order to ensure that the grains distribution 
is captured. There are relatively different arrangements of the W grains, which respectively 
designate the variation in densification. It is noted that at the edge of the sample for the SPS 
sample (Fig. 4(a)) the microstructure is inhomogeneous as opposed to the HSPS sample (Fig. 
4(b)). During SPS of large samples there is a tendency of having a radial temperature 
distribution. Because of the low sintering temperature, the samples sintered via SPS had a 
much lower edge temperature, thus probably less melting of Ni took place, and the sample at 
the edge was majorly fabricated by solid-phase sintering, consequently its microstructure 
distributes inhomogeneously. This suggests tremendous changes of hardness in various parts 
of the samples as a result of the inhomogeneous microstructure. Meanwhile, the 
microstructure in Fig. 4(b) has a better distribution than Fig. 4(a) indicating a better 
densification and more evidence of sintering necks. The sintering necks between the tungsten 
grains would promote the diffusion between tungsten grains and contribute to the 
densification of the alloy [30]. Although the sintering necks are also observed in Fig. 4(a), 
this is more dominant in Fig. 4(b) where W particles can be observed with a higher packing 
density, and an increase in the number of necks and their size which indicates an improve 
sintering. As pointed out by Song et al. [31], neck growth depends on the local distribution of 
the current density and a self-adjusting mechanism leads to a final homogeneous distribution 
of necks. In SPS the high local temperature gradients enhances consolidation through thermal 
diffusion [32] and the higher sintering temperature, the higher overheating. With a better 
temperature distribution with respect to the centre of the sample (Fig 4(e and f)), diffusion 
was enhanced and densification was accelerated, which resulted in a homogenous 
microstructure and thereof better densification. The mechanical properties are expected to be 
greatly improved in the HSPS sample due to the homogeneous distribution of the 
microstructure of component phases considered. Based on this observation it is apparent that 
the relative density for the HSPS sample is higher than that of SPS, and these results illustrate 
that tungsten grains growth, pores reduction and density improvement are all simultaneous 
processes. For both conditions, the packing density of the W grains is improved as the core of 
the sample is approached ((Fig. 4(g and h)).  
 
It is believed that particularly for the SPS sample, the core predominantly experienced liquid 
phase sintering as compared to the edge of the sample which was at a slightly lower 
temperature. During the liquid phase sintering period, there was a cascade of rearrangement 
and solution-reprecipitation events of the tungsten atoms which played a significant role in 
the process of grain coalescence and growth [33], resulting in a higher packing density of the 
grains and a homogenous distribution of the grains in the core ((Fig. 4(g)). Solution-
reprecipitation is dominant when the solid is soluble in the liquid. Tungsten atoms are 
dissolved into the liquid phase, preferentially from higher energy regions, including 
asperities, convex points, and small tungsten grains. And the dissolved tungsten atoms diffuse 
in the liquid phase and reprecipitate on concave regions or larger grains, which lead to the 
disappearance of small tungsten grains and growth of large tungsten grains (see Fig. 5(a)). 
Meanwhile, neighbouring tungsten grains bond together and coalesce into larger grains. Fig. 
5 is a higher magnification of the core of the sample which indicates the presence of sintering 
necks in both cases, however the SPS sample (Fig. 5(a)) is dominated by larger grains, while 
the HSPS sample (Fig. 5(b)) sintering necks exist between smaller and larger grains. An 
overview of the HSPS compared to the SPS clearly shows the latter has both smaller and 
larger grains, while the former had mostly larger grains and an inhomogenously distributed 
microstructure. The large grains in the SPS sample are thought to be due to a much higher 
localized overheating, compared to the actual measured temperature of 1350°C. For the 30 
mm, SPS and HSPS samples, no variations were observed from the edge to the core of the 
microstructure. Representative SEM micrographs for both conditions are shown in Fig. 6. 
The grains packing density was similar to the HSPS 60 mm sample (Fig 4(h)).  The results 
from the composition analysis are listed in Table 2. Besides the presence of a minimal 
amount of Ni and Fe, the white structure is mainly W. A typical high resolution image for the 
HSPS -30 mm in BSE is shown in Fig. 7 and this indicated only two contrast changes, similar 
to the low magnification images and thus no presence of a third phase was observed.  
 
 
 
 Fig. 4. SEM micrographs of the 93W–4.9Ni–2.1Fe alloy showing the microstructural 
evolution of the samples from the edge to the core sintered with different conditions: Left 
side - SPS and right side – HSPS, both for 60mm. 
 
 Fig. 5. SEM micrographs of the 93W–4.9Ni–2.1Fe alloy sintered with different conditions: 
(a) SPS-60mm and (b) HSPS -60mm showing evidence of sintering necks. 
 
 
Fig. 6. SEM micrographs of the 93W–4.9Ni–2.1Fe alloy sintered with different conditions: 
(a) SPS-30mm and (b) HSPS -30mm showing evidence of sintering necks. 
 
Fig. 7. SEM high magnification micrograph of the 93W–4.9Ni–2.1Fe 30mm-HSPS alloy. 
 
Table 2: Phase compositions of W–4.9Ni–2.1Fe alloys fabricated by HSPS and SPS. 
    Element composition (wt.%) 
Alloy Phase W Ni Fe 
HSPS-30mm 
W 96.5 2.2 1.4 
Ni,Fe 25.2 46.8 28.0 
SPS-30mm 
W 95.5 2.6 1.9 
Ni,Fe 22.4 48.0 29.6 
HSPS-60mm 
W 94.9 3.2 1.9 
Ni,Fe 24.2 45.6 30.2 
SPS-60mm 
W 95.8 2.8 1.4 
Ni,Fe 26.1 44.5 29.4 
 
  
 
3.2 Mechanical properties and fractography 
 
Fig. 8 shows the micro hardness profile from edge to centre point of the sample for W-4.9Ni-
2.1Fe fabricated by SPS and by HSPS for the 60 mm samples at 1350°C. Fig. 8 depicts the 
micro hardness variation on the cross-sections of the two samples. Generally, the hardness 
increased with increased distance from the edge. The variation in micro-hardness, which is 
similar to that of grain size variation from edge to the centre, is more obvious in the SPS 
sample. The bigger difference between the microstructure at the edge and centre especially 
for the SPS sample is attributed to non-uniform heat distribution resulting in poor 
densification at the edge and inhomogeneous microstructure that led to tremendous changes 
in hardness on various parts of the samples. The higher hardness at the centre of the sample 
relative to the edge suggest the formation of a certain amount of liquid phase which gives rise 
to inhomogenous microstructure. The hardness HSPSed material is approximately 30% 
higher than that of SPS at the edge of the sample, the reason being the near full densification 
of the former. The higher hardness values of the sample prepared by HSPS confirm that 
radial temperature fluctuations are minimised and most of the sample is consolidated by 
liquid phase. Fig. 9 shows a plot of the average hardness of the samples produced by SPS and 
HSPS. The microhardness of HSPS and SPS sample of 60 mm and 30 mm are very close to 
each other, this is due to the fact for the HSPS system the 60 mm sample temperature 
distribution ensures good consolidation. , The good densification of the SPS 30 mm sample is 
as a result of the small size of the sample which allows only small radial temperature 
fluctuations. Compared to the HSPS 60 mm sample, the SPS 60 mm has a much smaller 
hardness confirming the earlier observations in Fig. 8. 
 
Fig. 8. The variation of micro-hardness in from the edge of the sample to the centre for W-
Fe-Ni fabricated by SPS and by HSPS for the 60mm samples at 1350°C. 
 
 
Fig. 9. Average Vickers’ microhardness (HV1.0) for samples fabricated using HSPS and SPS 
for 30 and 60mm diameters. 
 
The densities and mechanical properties of the alloys after sintering are recorded in Table 3. 
Comparing the average microhardness values obtained in this study for 30 mm-SPS, -HSPS 
and 60 mm-SPS and –HSPS, with the hardness value obtained by Yang et. al [34] as shown 
in Table 3, it could be seen that there little differences in hardness between the samples 
obtained in this study and samples produced by Yang et al [34]. The relative density for 
HSPS-30 mm is about 0.998, which is relatively higher to other refs [35, 37,38] expect for ref 
[36] which was attributed to enhanced sintering resulting from mechanical alloying. 
 
 
Table 3. Variation of relative density and hardness in this study versus those of other W–Ni–
Fe alloys obtained from the literatures. 
  Element composition (wt.%) Relative density Hardness Value (HV) 
Alloy W Ni Fe   
HSPS-30mm 
96.5 2.2 1.4   
25.2 46.8 28.0 0.998 300 
SPS-30mm 
95.5 2.6 1.9  290 
22.4 48.0 29.6 0.996  
HSPS-60mm 
94.9 3.2 1.9   
24.2 45.6 30.2 0.993 289 
SPS-60mm 
95.8 2.8 1.4   
26.1 44.5 29.4 0.987 259 
ref [34] 93 4.9 2.1Fe  286 
ref [35] 93 5.6 1.4 0.995  
ref [36] 93 5.6 1.4 0.999  
ref [37] 93 5.6 1.4 0.985  
ref [38] 91 7 1.5 0.994  
 
Fig. 10 represents the effect of sintering method and sample size on the bending strength of  
W-4.9Ni-2.1Fe alloys. The 60 mm-SPS has a slightly lower bending strength than the other 3 
samples which have a similar bending strength. The change of trend in the bending strength 
of the sampless is closely related to the variations in microstructure. Thus in order to explain 
these variations on the bending strength, the bending fracture morphology needs to be 
assessed first. Fig. 11 shows the bending fracture morphology of the W-4.9Ni-2.1Fe alloys for 
the different sizes and sintering methods, obtained from the core of each sample. Comparing 
Fig. 11(a) to the rest of the samples (Fig. 11 (b to d)), the grain structure is very 
inhomogeneous with bigger and very fine grains. Aside from the small grain region in Fig. 
11(a), the rest of the grains are much bigger than the rest of the alloys (Fig. 11 (b to d), 
which is similar to the observation made in the polished surface analysis. The shape of the 
larger grains is also very irregular compared to the other samples. The finer grain region has 
spherical W grains (shown in higher magnification in Fig. 11(b)) which were not observed in 
the rest of the alloys. It is important to note that the finer grains could not have been observed 
on the polished surface possibly because it was a layer not within the cross section cut, while 
the fracture surface exposed it. Within the smaller grains region the fracture mode is mainly 
the peeling off of W grains; and a small amount of W grains have cleavage fracture as 
illustrated within the highest magnification insert. With the peeling of grains, the mechanical 
properties of the alloys are lower. For the rest of the alloys, no peeling off of grains is 
observed, and the intergranular fracture of the W grains and the ductile tearing of the binding 
phase become the main fracture modes, and a few cleavage of the W grains occur. Therefore, 
the mechanical properties of the rest of the samples are improved compared to Fig. 11(a). In 
Fig. 11(a), given the significant increase in W grain size, the contact area of the W-W grains 
expands, producing larger fracture sources, with also visible micropores occurring within the 
W-W grain interfaces, thereby weakening the alloy strength. Compared to the rest of the 
alloys, the 60 mm-SPS sample (Fig. 11(a)) has the largest micropores, which are not 
observed on the rest of the alloys. With increasing W grain size, the total grain-boundary area 
decreases and the stress in the unit grain-boundary area increases under the same loads 
(compared to the rest of the alloys). The observed micropores in Fig. 11(a) could be due to 
the fact that the core of the sample has a low binding phase (Ni) as the alloy in the core of the 
sample could have experienced much higher temperature than the rest of the alloy. According 
to Wang et al. [35], a high vacuum sintering temperature enables easy volatilization of the 
binding phase (especially Ni) [34]. This convenience may be the reason for the slight 
decrease in the relative density and bending of the 60 mm-SPS alloys. From this highlighted 
observations, the fractography results (Fig. 11) are in agreement with the low bending 
strength of 60 mm-SPS compared to the other 3 samples (Fig. 10)   
 
 
Fig. 10. Effect of sintering method and sample size on the bending strength of W-Ni-Fe 
alloys 
  
 
 
 
 
Fig. 11. Fracture morphology of W-Ni-Fe alloy sintered at 1350°C for: a) 60 mm-SPS, b) 60 
mm-HSPS, c) 30 mm-SPS and d) 30 mm-HSPS. 
 
 
4. Conclusions 
93W-4.9Ni-2.1Fe heavy alloys using blended powders were sintered by SPS and HSPS with 
30 mm and 60 mm diameters. The microstructure and mechanical properties of the alloys 
were investigated. The conclusions are summarized as follows: 
 
(1)  The 60 mm-SPS sample showed a variation of the tungsten packing density and grain 
size, while for the 60mm-HSPS minor variation were observed, confirming the 
minimized radial temperature fluctuations.  
 
(2)  Near full densification was achieved for the 30 mm-HSPS and SPS samples followed by 
60 mm-HSPS, while the 60 mm-SPS sample had a low relative density of 98.7%.  
(3)  A micro hardness profile for the 60 mm SPS and HSPS sample was carried out, and the 
SPS sample had the greatest changes, even though the hardness increased for both 
samples towards the core of the sample. This was explained by the variation in the 
microstructure, as seen with changes in tungsten grain size and packing density, which 
was more obvious in the SPS sample. No variations were observed in the 30 mm 
samples. The average hardness values were similar for the 30 mm SPS/HSPS samples, 
with the 60 mm-HSPS being third highest, while the 60 mm-SPS was the least.  
 
(4) The bending strength of 60 mm-SPS (920 MPa) was lower than that of 60 mm-HSPS 
(1115 MPa), this indicating that the strength is dependent on microstructural parameters 
such as tungsten grain size and packing density and also the presence of micropores. In 
the 60 mm-SPS two fracture modes were observed, intergranular fracture of bigger 
grains and peeling of the smaller ones which lowered the properties. The average grain 
size of the 30 mm and 60 mm-HSPS alloys was ~5µm, while that of the 60 mm was 
dominated by larger grain sizes (~10µm) with less regions of finer grains (5 to 1µm). 
 
This work has shown that HSPS has the beneficial effect of improving or maintaining 
comparable properties (density, hardness and binding strength) for larger samples.  
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